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I n t r o d u c t i o n  

S e l f - s u f f i c i e n t  n a v i g a t i o n  on manned i n t e r p l a n e t a r y  
m i s s i o n s  w i l l  r e q u i r e  t h e  manned v e h i c l e  t o  have t h e  c a p a b i l i t y  
o f  making d i r e c t  range- to-p lane t  measurements t o  complement t h e  
a n g u l s r  I n f e r m a t i o n  available from o p t i c a l  measurements.  
c u l a t i o n  of r ange - to -p lane t  from o p t i c a l  a n g u l a r  measurements 
i s  p o s s i b l e ,  b u t  i t  i s  u n l i k e l y  t h a t  o p t i c a l  measurements a l o n e  
w i l l  s a t i s f y  t h e  r equ i r emen t s  of  rnariiied ei?cGunteY T E ~ S S ~ C E S  in 
t h e  1 9 7 0 ’ s .  
o p t i c a l  n a v i g a t i o n  w i l l  p robab ly  n o t  b e  adequa te  to i n j e c t  s o f t -  
l a n d i n g  p r o b e s  i n t o  narrow a tmospher i c  e n t r y  c o r r i d o r s  imposed 
by s t r u c t u r a l  c o n s t r a i n t s  and t a r g e t i n g  r e q u i r e m e n t s .  

Cal- 

I n  p a r t i c u l a r ,  e a r l i e r  s t u d i e s ’  have  shown t h a t  

E s t i m a t i o n  o f  t h e  s p a c e c r a f t  p o s i t i o n  from p l a n e t -  
p l a n e t  i n c l u d e d  a n g l e  measurements s u f f e r s  from t h e  l o n g  
s p a c e c r a f t - p l a n e t  r a n g e s  i n v o l v e d  s o  t h a t  even small  a n g u l a r  
errors l e a d  to l a r g e  p o s i t i o n a l  e r r o r s .  E s t i m a t i o n  o f  p o s i t i o n  
from measurements o f  t h e  p l ane t - sub tended  a n g l e  s u f f e r s  from 
u n f a v o r a b l e  geometry s o  t h a t  small a n g u l a r  e r r o r s  a g a i n  l ead  to 
l a r g e  r ange  e r r o r s .  These problems a re  compounded by d i f f i c u l -  
t i e s  i n h e r e n t  i n  a n g u l a r  measurements i n v o l v i n g  p l a n e t s .  
f i n i t e  s i z e  of t h e  p l a n e t  t o g e t h e r  w i t h  d i f f i c u l t i e s  i n  p r e -  
c i s e l y  l o c a t i n g  t h e  p l a n e t  l i m b  ( p a r t i c u l a r l y  f o r  Venus) r e s u l t s  
i n  e r r o r s  i n  t h e  a n g u l a r  measurements.  

The 

The f e a s i b i l i t y  of d i r e c t  radar  r ange  measurements 
has g e n e r a l l y  been d i s c o u n t e d .  
t h e  c o n t r a r y ,  radar  r a n g i n g  i s  a d i s t i n c t  p o s s i b i i i i y  i i i  the 
v i c i n i t y  of t h e  p l a n e t  where d i r e c t  r ange  measurements are  most 
n e c e s s a r y .  
es t imated  by making a p a r a m e t e r  t r a d e o f f  between t h e  radar equip-  
ment e x p e c t e d  t o  b e  aboa rd  a manned e n c o u n t e r  m i s s i o n  i n  t h e  
l a t e  1 9 7 0 ’ s  and r a d a r  systems t h a t  have s u c c e s s f u l l y  made p l an -  
e t a r y  r ange  measurements from E a r t h .  

It w i l l  b e  shown here t h a t ,  on 

The s p a c e c r a f t  radar r a n g i n g  c a p a b i l i t y  w i l l  b e  

S p a c e c r a f t  Radar  Range C a l c u l a t i o n  

The radar  e q u a t i o n  g i v e s  t h e  s i g n a l  power r e t u r n e d  
from a p l a n e t  f o r  t h e  c a s e  where t h e  e n t i r e  p l a n e t a r y  d i s k  i s  
i l l u m i n a t e d  b y  t h e  a n t e n n a  beam. Thus,  
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where 

Pt = t r a n s m i t t e d  power ( w a t t s )  
G = a n t e n n a  ga in  ( t h e  same a n t e n n a  i s  

used  for t r a n s m i t t i n g  and r e c e i v i n g )  
( d B )  

A = wavelength (meters )  
r = range  t o  t h e  p l a n e t  (me te r s )  
R = p l a n e t  r a d i u s  (meters )  

The p roduc t  gn a c c o u n t s  f o r  t h e  d e v i a t i o n s  o f  t h e  a c t u a l  p l a n e t  
-. 'I'he 

f i n i t e  complex d i e l e c t r i c  c o n s t a n t  o f  t h e  p l a n e t  d e t e r m i n e s  rl , 
ai^ld the -.. -- I.?.& cz  ---.. -L- A "  " 

d i r e c t i v i t y .  
i n t e r e s t  he re ,  t h e  p roduc t  gn has been measured t o  be about  . 0 7 ,  

f rom a p e r f e c t l y  smooth sphe re  w i t h  i n f i n i t e  c o n d u c t i v i t y .  

g, t h e  b a c k s c a t t e r  I - u u ~ l l l l c o o  is zonta inec!  :n 
For t h e  moon and f o r  E a r s  a t  t h e  f r e q u e n c i e s  o f  

whi le  f o r  Venus i t  i s  between .10 and .15. 2 

The r e c e i v e d  n o i s e  power i s  g i v e n  by PN = k T e f f B  where 

k i s  Boltzmann's  c o n s t a n t ,  Te f f  i s  t h e  e f f e c t i v e  t e m p e r a t u r e  o f  
t h e  r e c e i v i n g  sys tem,  and B i s  t h e  r e c e i v e r  bandwidth.  The 
bandwidth i s  de te rmined  b y  t h e  d o p p l e r  spread between t h e  echoes  
r e c e i v e d  from t h e  approaching  and r e c e d i n g  p l a n e t  l i m b s .  I f  t h e  
r e c e i v e r  bandwidth i s  l e s s  t h a n  t h i s  s p r e a d ,  t h e  power r e f l e c t e d  
from t h e  p l a n e t  l i m b s  i s  l o s t ,  l o w e r i n g  t h e  r e c e i v e d  power. 
S i n c e  t h e  m a j o r i t y  o f  t h e  r e t u r n e d  s i g n a l  i s  r e f l e c t e d  from a 
small  c i r c u l a r  r e g i o n  on t h e  p l a n e t  s u r r c u n d i n g  t h e  s u b - r a d a r  
p o i n t ,  making t h e  r e c e i v e r  bandwidth somewhat l e s s  t h a n  t h e  t o t a l  
d o p p l e r  s p r e a d  i n  t h e  r e f l e c t e d  s i g n a l  w i l l  r educe  t h e  r e c e i v e d  
n o i s e  power more t h a n  t h e  r e c e i v e d  s i g n a l  power. The a v a i l a b l e  
s i g n a l - t o - n o i s e  r a t i o  (S/N) may b e  i n c r e a s e d  by s e v e r a l  d B  i n  
t h i s  manner. T h i s  p o i n t  i s  n e g l e c t e d  h e r e i n ,  s o  t h a t  t h e  a c t u a l  
s p a c e c r a f ' t  radar r a n g i n g  c a p a b i l i t y  iiiajr be somewhat greater than  
t h e  es t imated .  

The r a t i o  o f  r e c e i v e d  s i g n a l  power t o  n o i s e  power i s  
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Equa t ion  ( 2 )  g i v e s  t h e  s i g n a l - t o - n o i s e  power r a t i o  a t  t h e  re-  
c e i v e r  o u t p u t  i n  r e a l  t i m e .  The f i n a l  u s e f u l  s i g n a l - t o - n o i s e  
r a t i o  i s  o b t a i n e d  b y  d i g i t i z i n g  t h e  raw r e c e i v e d  s i g n a l  and 
p r o c e s s i n g  t h e  r e s u l t i n g  d i g i t a l  s i g n a l  t o  e x t r a c t  t h e  i n t e l -  
l i g e n c e  f rom deep w i t h i n  t h e  n o i s e .  I n  g e n e r a l ,  f o r  phase  
i n c o h e r e n t  echoes  and a d d i t i v e  da t a  p r o c e s s i n g  t h e  s i g n a l - t o -  
n o i s e  enhancement w i l l  be p r o p o r t i o n a l  to n 'I2 where n i s  t h e  
number o f  echoes  i n c l u d e d  i n  t h e  sample,  w h i l e  f o r  phase  coher-  
en t  e c h o e s ,  t h e  enhancement w i l l  be  p r o p o r t i o n a l  t o  n .  3 ' 4  
r a p i d l y  r o t a t i n g  p l a n e t s  such as Mars a b r o a d  d o p p l e r  band must 
b e  a c c e p t e d  by t h e  r e c e i v e r  and phase  coherency  cannot  be  main- 
t a i n e d .  For p l a n e t s  r o t a t i n g  more s l o w l y ,  p h a s e  coherency i n  
t h e  r e t u r n e d  s i g n a l  i s  u l t i m a t e l y  l i m i t e d  by t h e  p h a s e - s t a b i l i t y  
o f  t h e  t r a n s m i t t e r .  It i s  assumed here  t h a t  t h e  echoes  r e t u r n e d  
a re  phase  i n c o h e r e n t .  S ince  n ,  t h e  number o f  echoes  i n  t h e  
sample,  i s  p r o p o r t i o n a l  to t s ,  t h e  t o t a l  t r a c k i n g  t i m e  making 

F o r  

up  t h e  radar sample,  t h e  f i n a l  s i g n a l - t o - n o i s e  r a t i o  a f t e r  pro-  
c e s s i n g  i s  t h u s  p r o p o r t i o n a l  to t s  1/2 . 

I n  Ear th-based  r a d a r  range  measurements ,  i n t e g r a t i o n  
o f  s e v e r a l  hour s  of r e t u r n e d  s i g n a l  i s  o f t e n  n e c e s s a r y  to a c h i e v e  
u s a b l e  S / N  r a t i o s .  Use o f  t h e  s p a c e c r a f t  a n t e n n a  f o r  such  l o n g  
p e r i o d s  for r a n g i n g ,  p a r t i c u l a r l y  as t h e  s p a c e c r a f t  n e a r s  t h e  
p l a n e t a r y  e n c o u n t e r ,  may not  be f e a s i b l e .  It i s  assumed here 
t h a t  t h e  p l a n e t  i s  t r a c k e d  f o r  a t o t a l  of o n l y  1 5  minu tes .  
S i n c e  t h e  a n t e n n a  t r a n s m i t s  h a l f  of t h e  t i m e  and r e c e i v e s  h a l f  
o f  t h e  t i m e ,  3 0  minu tes  ef a n t e n n a  time w i l l  b e  r e q u i r e d  t o  ob- 
t a i n  15 minutes  of r e t u r n e d  s i g n a l .  [The radar r ange  e s t i m a t i o n  
i s  n o t  s e n s i t i v e  t o  t h e  p a r t i c u l a r  t s ( S )  chosen i n  Equa t ion  (4) 
below,  s o  t h a t  t h e  c o n c l u s i o n s  o f  t h i s  s t u d y  a re  n o t  s e n s i t i v e  
t o  t h e  t s ( S )  assumed.]  

The r e l a t i o n  to be  used  f o r  comparing t h e  s p a c e c r a f t  
and Earth-based radars i s  

L e t t i n g  E d e s i g n a t e  Ear th-based  sys t ems  and S des- 
i g n a t e  t h e  s p a c e c r a f t  s y s t e m ,  t h e n  from E q u a t i o n  ( 3 ) ,  
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S i n c e  t h e  Earth-based and s p a c e c r a f t  s y s t e m s  w i l l  b e  compared 

w i l l  b e  i d e n t i c a l  f o r  b o t h  s y s t e m s .  
f o r  measur ing  t h e  r ange  t o  t h e  same p l a n e t ,  t h e  p r o d u c t  R 2 gn 

A s  mentioned above, t h e  r e q u i r e d  r e c e i v e r  bandwidth B 
i s  determined.  by  t h e  p l a n e t ' s  a p p a r e n t  r o t a t i o n  r a t e  as  viewed 
from t h e  radar s i t e .  Thus, B i s  p r o p o r t i o n a l  t o  t h e  p r o j e c t i o n  
on a p l a n e  p e r p e n d i c u l a r  t o  t h e  radar l i n e - o f - s i g h t  o f  t h e  v e c t o r  
sum o f  t h e  s i d e r e a l  a n g u l a r  v e l o c i t y  o f  r o t a t i o n  o f  t h e  p l a n e t  
and  t h e  a p p a r e n t  a n g u l a r  v e l o c i t y  due t o  r e l a t i v e  o r b i t a l  mo t ion .  
S i d e r e a l  p e r i o d s  o f  Mars and Venus are ,  r e s p e c t i v e l y ,  23.9 hour s  
and  245 days .  Wi th in  t h e  p l a n e t  sphere  o f  i n f l u e n c e  t h e  a p p a r e n t  
p l a n e t  r o t a t i o n  r i s i n g  f rom t h e  r e l a t i v e  o r b i t a l  mot ion  i s  g i v e n  
by r V /r , where r i s  the  p e r i a p s i s  r a d i u s  o f  t h e  s p a c e c r a f t  
o r b i t ,  V i s  t h e  p e r i a p s i s  v e l o c i t y ,  and r i s  t h e  i n s t a n t a n e o u s  
r a n g e  o f  t h e  s p a c e c r a f t  from t h e  p l a n e t  c e n t e r .  F i g u r e  1 i s  a 
p l o t  of  t h e  magnitudes of  t h e  p l a n e t  r o t a t i o n  r a t e  and t h e  or- 
b i t a l  r o t a t i o n  f o r  t h r e e  r e p r e s e n t a t i v e  m i s s i o n s .  

2 
P P  P 

P 

The s ide rea l  r o t a t i o n  o f  Mars i s  g rea t e r  t h a n  t h e  ap- 
p a r e n t  r o t a t i o n  from o r b i t a l  motion when t h e  s p a c e c r a f t  i s  f a r t h e r  
t h a n  about  an nour  from p e r i a p s i s .  S i m i l a r l y  for Venus t h e  s i d e -  
r e a l  r o t a t i o n  i s  l a r g e r  e a r l i e r  t h a n  about  20  h o u r s  from p e r i a p s i s .  
It w i l l  be shown t h a t  t h e  r a d a r  d e t e c t i o n  t h r e s h o l d  o c c u r s  much 
e a r l i e r  t h a n  t h e s e  t imes.  Beyond t h e  p l a n e t  sphere  o f  i n f l u e n c e  
t h e  c o n t r i b u t i o n  t o  t h e  appa ren t  r o t a t i o n  from r e l a t i v e  o r b i t a l  
motion w i l l  depend upon the  p a r t i c u l a r  p l a n e t  and s p a c e c r a f t  
h e l i o c e n t r i c  o r b i t s .  S i n c e  t h e  s p a c e c r a f t  i s  approach ing  t h e  
p l a n e t ,  i t  i s  u n l i k e l y  t h a t  t h e  o r b i t a l  a n g u l a r  r a t e  w i l l  be  s o  
great  as obse rved  on Ea r th .  However, f o r  s i m p l i c i t y ,  t h e  ap- 
p a r e n t  r o t a t i o n  r a t e s  from o r b i t a l  motion are assumed t o  be  com- 
parable  on E a r t h  and on t h e  s p a c e c r a f t ,  and t h e  bandwidths  o f  t h e  
two radar  sys t ems  a re  assumed e q u a l ,  i . e . ,  B ( S ) / B ( E )  = 1. 

Table  1 summarizes sys t em parameters as p u b l i s h e d  f o r  
two r e p r e s e n t a t i v e  Earth-based radar r ange  measurements t o  Mars 
and t o  Venus, t o g e t h e r  w i t h  t h e  radar s y s t e m  p o s t u l a t e d  t o  be  
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aboa rd  a manned i n t e r p l a n e t a r y  m i s s i o n .  The s p a c e c r a f t  a n t e n n a  
i s  a 30-foot  p a r a b o l i c  d i s h  a n t e n n a  w i t h  g a i n  of  44.6 d B .  The 
e f f e c t i v e  t e m p e r a t u r e  o f  t h e  r e c e i v i n g  s y s t e m  i s  t a k e n  as 50O0K. 
Q u i t e  l i k e l y ,  t h e  e f f e c t i v e  t e m p e r a t u r e  can b e  r educed  con- 
s i d e r a b l y  from t h i s  v a l u e .  The a v e r a g e  t r a n s m i t t e r  power i s  
t a k e n  t o  be  300  watts. S y s t e m  l o s s e s  of  5 dB r educe  t h i s  t o  
a n  e f f e c t i v e  ave rage  rad ia ted  power o f  95 watts.  These s y s t e m  
parameters a r e  comparable t o  t h o s e  t h a t  have been proposed  i n  
s e v e r a l  c o n c e p t u a l  d e s i g n s  f o r  manned e n c o u n t e r  m i s s i o n s .  596 

Note t h a t  t h e  an tenna  and t r a n s m i t t e r  are  r e q u i r e d  f o r  
communication w i t h  p r o b e s  and w i t h  E a r t h .  Use o f  t h e  communica- 
t i o n  s y s t e m  f o r  r a n g i n g  imposes no a d d i t i o n a l  hardware r e q u i r e -  
ments on t h e  s p a c e c r a f t  w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  c i r c u i t r y  
t o  t r a n s m i t  i n  a p u l s e d  mode and pe rhaps  a d d i t i o n a l  c i r c u i t r y  
t o  d e t e c t  t h e  r e t u r n e d  p u l s e s .  The weight  p e n a l t y  f o r  t h i s  ad- 
d i t i o n a l  c i r c u i t r y  s h o u l d  b e  s m a l l  and a c c e p t a b l e ,  p a r t i c u l a r l y  
i n  view o f  t h e  g a i n s  t o  be derived. from the c a p a b i l i t y  fnr 
making d i r e c t  r ange  measurements. 

F i g u r e  2 shows t h e  r a t i o  of  ( S / N ) S / ( S / N ) E  c a l c u l a t e d  
from Equa t ion  ( 4 )  as a f u n c t i o n  o f  d i s t a n c e  from t h e  p l a n e t .  
The r ange  estimate f o r  t h e  s p a c e c r a f t  radar s y s t e m  i s  t a k e n  as 
t h a t  r ange  a t  which t h e  s p a c e c r a f t  radar y i e l d s  a n  S/N compara- 
b l e  t o  t h e  Earth-based experiment  chosen for comparison ( i . e . ,  
( S / N ) E / ( S / N ) S  = 1). 

r ange  i s  2 . 1  x 1 0  k m ;  for Venus, t h e  es t imated r a n g e  i s  
6.4 x 1 0  km.  These radar  r a n g e s  co r re spond  t o  d i f f e r e n t  times 
from t h e  p l a n e t  e n c o u n t e r  i n  d i f f e r e n t  m i s s i o n s .  Fo r  Mars, t h e  

t i m e  from m i s s i o n  p e r i a p s i s  at  a r ange  o f  2 . 1  x l o 6  km on t h r e e  
r e p r e s e n t a t i v e  miss ions '  i s :  

For Mars t h e  es t imated s p a c e c r a f t  radar  
6 

6 

1975 Mars Encoun te r  2 . 8  days  
1977 T r i p l e  P l a n e t  Encounter  5 . 8  days  
1978 Dual P l a n e t  Encounter  4 . 6  days  

7 l  r 'or  t y p i c a l  Venus e n c o u n t e r  m i s s i o n s ,  6.4 x i o 6  icm co r re sponds  
t o  about  t e n  days  b e f o r e  s p a c e c r a f t  p e r i a p s i s .  

O the r  C o n s i d e r a t i o n s  

1. S i n c e  t h e  s p a c e c r a f t  r ange  and r a n g e - r a t e  t o  t h e  
p l a n e t  change c o n t i n u o u s l y ,  t h e  p o s i t i o n s  i n  t i m e  o f  t h e  re-  
t u r n e d  echoes  a l s o  change c o n t i n u o u s l y .  I n  Earth-based radar 
s y s t e m s  the  r e t u r n e d  s i g n a l  i s  he te rodyned  w i t h  a l o c a l  o s c i l -  
l a t o r  whose f requency  i s  changed a t  a pre-computed ra te  t o  
e f f e c t i v e l y  c a n c e l  t h e  r a d a r - p l a n e t  r e l a t i v e  motion.  It i s  
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e x p e c t e d  here  t h a t ,  as t h e  s p a c e c r a f t  approaches  t h e  p l a n e t ,  
t h e  s p a c e c r a f t  o r b i t  w i l l  b e  known w e l l  enough t o  program t h e  
s p a c e c r a f t  l o c a l  o s c i l l a t o r .  To some degree  a t r a d e o f f  e x i s t s  
between t h e  u n c e r t a i n t y  i n  t h e  s p a c e c r a f t - p l a n e t  r ange  and 
r a n g e - r a t e  and t h e  amount of d a t a  p r o c e s s i n g  r e q u i r e d  t o  e x t r a c t  
t h e  s i g n a l  from t h e  n o i s e .  

2 .  The on-board radar  r ange  measurements w i l l  impose 
a d d i t i o n a l  r equ i r emen t s  on t h e  s p a c e c r a f t  computing s y s t e m .  

3. D i r e c t  radar  measurements on p l a n e t a r y  e n c o u n t e r  m i s -  
s i o n s  w i l l  enhance t h e  s c i e n t i f i c  r e t u r n  of t h e  e n c o u n t e r  m i s -  
s i o n  beyond t h e  n a v i g a t i o n a l  b e n e f i t s .  A s  t h e  s p a c e c r a f t  p a s s e s  
t h e  p l a n e t ,  t h e  s p a c e c r a f t  radar  S/N r a t i o  w i l l  b e  w e l l  above 
t h a t  a v a i l a b l e  on E a r t h  even i n  t h e  most f a v o r a b l e  c i r c u m s t a n c e s .  
T h i s  w i l l  o f f e r  t h e  p o s s i b i l i t y  o f  making d e t a i l e d  radar mea- 
su remen t s  o f  t h e  p l a n e t  s u r f a c e .  For Venus i n  p a r t i c u l a r ,  where 
t h e  c loud  cove r  may p r e c l u d e  p h o t o g r a p h i c  mapping, radar  d o p p l e r  
xapp ing  o f  t h e  p l a n e t  su i - f ace  may b e  p o s s i b l e .  

A f u r t h e r  p o s s i b i l i t y  i s  a j o i n t  exper iment  i n v o l v i n g  
t h e  s p a c e c r a f t  t r a n s m i t t e r  and a n  Ear th-based  r e c e i v e r ,  or v i c e  
v e r s a .  T h i s  t y p e  of exper iment  would add a new dimens ion  t o  
radar astronomy s i n c e  t h e  r e t u r n e d  echoes  would r i s e  from o f f -  
normal  r e f l e c t i o n  from t h e  p l a n e t  s u r f a c e .  I n  t h i s  manner t h e  
s c a t t e r i n g  c h a r a c t e r i s t i c s  of  t h e  s u r f a c e  c o u l d  b e  de t e rmined  
as a f u n c t i o n  o f  a n g l e  o f  i n c i d e n c e  and d i r e c t i o n  o f  s c a t t e r i n g .  
The s e n s i t i v e  dependence o f  s p e c u l a r  s c a t t e r i n g  n e a r  t h e  
Brewster a n g l e  on t h e  p r o p e r t i e s  o f  t h e  n e a r - s u r f a c e  ma te r i a l  
may b e  u s e f u l  f o r  i d e n t i f y i n g  t h e  s u r f a c e  mater ia l .  8 

Range U n c e r t a i n t y  

With d i r e c t  r a d a r  r ange  measurements t h e  u n c e r t a i n t y  
i n  t h e  r ange  of t h e  s p a c e c r a f t  f rom t h e  p l a n e t  c e n t e r  w i l l  b e  
r educed  t o  t h e  u n c e r t a i n t y  i n  t h e  d i s t a n c e  f rom t h e  s u b - r a d a r  
p o i n t  on t h e  p l a n e t  s u r f a c e  t o  t h e  p l a n e t  c e n t e r .  T h i s  i s  de- 
t e r m i n e d  l a r g e l y  b y  a l a c k  of  knowledge of  t h e  p l a n e t a r y  r a d i u s  
and shape  p a r a m e t e r s  and t o  a l e s s e r  degree  by u n c e r t a i n t y  re- 
garding ~ h e t h e r  t h e  reflect lo^^ aye f’icofi t h e  s u r f a c e  u r  f r o m  some 
s u b - s u r f a c e  p o i n t .  I f  t h e  p l a n e t  r a d i u s  i s  t h e  major  s o u r c e  o f  
r a n g e  u n c e r t a i n t y ,  t h e  range  c o u l d  be de t e rmined  t o  w i t h i n  
- + 1 0  k m  f o r  Mars and t o  w i t h i n  + 5 0  k m  f o r  Venus. On a t y p i c a l  
m i s s i o n  t h e  accu racy  o f  r a d a r  r a n g i n g  i s  g r e a t e r  t h a n  t h a t  es- 
t i m a t e d  t o  be  a v a i l a b l e  e i t h e r  from o p t i c a l  p l a n e t - i n c l u d e d  a n g l e  
measurements ( w i t h i n  - + 500 km) or from t r a c k i n g  w i t h  t h e  Deep 

1 Space Network ( w i t h i n  - t 8 0  km). 
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Conclus ions  

On-board radar range-t  o -p lane t  measurements are 
f eas ib l e  d u r i n g  t h e  e n c o u n t e r  phases  o f  manned p l a n e t a r y  m i s -  
s i o n s .  Hardware n e c e s s a r y  f o r  communication w i t h  E a r t h  and 
w i t h  p l a n e t a r y  p robes  would s a t i s f y  most o f  t h e  r e q u i r e m e n t s  
f o r  a r a d a r - r a n g i n g  sys tem;  a d d i t i o n a l  hardware r e q u i r e m e n t s  
would be minimal.  I n  a d d i t i o n  t o  s a t i s f y i n g  t e r m i n a l  gu idance  
r e q u i r e m e n t s  n o t  met by o t h e r  n a v i g a t i o n a l  schemes ( e . g . ,  n a v i -  
g a t i o n  based on o p t i c a l  a n g l e  measurements or data from t h e  
Deep Space Network) ,  t h e  radar measurements would i n c r e a s e  t h e  
s c i e n t i f i c  r e t u r n s  o f  t h e  mis s ion .  Radar d o p p l e r  mapping may 
be t h e  o n l y  t e c h n i q u e  capab le  of’ p e n e t r a t i n g  t h e  Venus c l o u d  
c o v e r  t o  o b t a i n  a p r o f i l e  o f  t h e  p l a n e t  s u r f a c e .  

1014-HHM-ans H .  H .  McAdams 

At tachments  
T a b l e  I 
F i g u r e s  1 and 2 
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